Introduction
Biopharmaceuticals (BP) comprise a diverse and rapidly growing class of therapeutics that includes replacement factors for abnormal or deficient proteins, cytokines and growth factors that modulate biological functions, monoclonal antibodies targeting components of disease pathways, fusion proteins and protein-drug conjugates, both novel BP entities as well as copies of already licensed BPs, designated biosimilars [1, 2] . An unwanted consequence of BP therapy is the development of immunogenic responses, which in some cases have little or no impact but in other cases affect safety significantly, with induction of infusion reactions, hypersensitivity reactions and autoimmune syndromes occurring due to cross-reactivity of anti-drug antibody (ADA) with endogenous counterparts of the BP [3] [4] [5] [6] , and/or decreased efficacy related to neutralization of the BP's biological activity or increasing its clearance [7] [8] [9] . For these reasons, immunogenic potential of a BP is determined during clinical trials by measurement and characterization of ADA that develop during treatment; in some cases, monitoring for biopharmaceutical and ADA levels may be conducted during routine use of approved BPs to guide patient care [10] [11] [12] .
As the numbers of novel and biosimilar BPs continue to increase, there is considerable interest in standardizing methods for analysis and monitoring of immunogenicity and improving its management based on knowledge of factors that contribute to its development and consequences, including those related to the BP product itself, its mode of administration and the underlying disease or patient characteristics. These contributing factors are reviewed extensively elsewhere [13] [14] [15] [16] [17] [18] . Key concepts and recommended definitions for standardizing the description and interpretation of immunogenicity are described further below in relation to practices for monitoring and mitigating immunogenicity during clinical use of BPs.
ABIRISK recommendations
Many terms and concepts pertaining to immunogenicity, in particular those pertaining to the reporting of ADA results, have been in common use throughout the medical, scientific and pharmaceutical communities involved in the use of BPs. However, various disease areas and communities may have used different terms or defined the same terms in inconsistent ways. Furthermore, these communities have focused largely on ADA, whereas data on cellular and pharmacogenomic markers of immunogenicity, results from predictive immunogenicity methods and additional measurements and outcomes of the anti-drug immune response (ADIR) that have not been commonly applied previously to the study of BP immunogenicity are now being generated. To bring this information together and advance the scientific understanding and clinical application of immunogenicity data, the ABIRISK [Anti-Biopharmaceutical (BP) Immunization Prediction and Clinical Relevance to Reduce the Risk; www.abirisk.eu] consortium has developed and agreed to use a set of common terms and definitions for describing immunogenicity of BPs.
As ABIRISK work proceeds, terms and definitions may be added or refined as necessary to enhance the interpretation of ADIR data. To reach broader consensus, ABIRISK will consult with other thought leaders, including the ABIRISK scientific advisory board and key associations, e.g. European Immunogenicity Platform (EIP), American Association of Pharmaceutical Scientists (AAPS), American and European Immunology Societies and regulatory agencies, some of which have already produced recommended practices for development and validation of ADA assays and assessment of immunogenicity risk profiles of BPs now used routinely during development of new BPs [19] [20] [21] [22] [23] [24] . An AAPS focus group (AAPS Therapeutic Protein Immunogenicity Focus Group) also recognized the need for a harmonized approach for assessment and reporting of clinical immunogenicity and has recently published recommendations focused on terms and strategies related to reporting ADA results for analysed samples and patient populations [25] , many of which have been adopted into the ABIRISK terms and definitions; where applicable, reporting of ABIRISK data will be consistent with those recommendations. As data generated by ABIRISK will be captured in a database, international efforts to create a suite of orthogonal interoperable reference ontologies in the biomedical domain will also be considered.
The comprehensive ABIRISK Terms and Definitions for Reporting Immunogenicity Results (http://www.abirisk.eu/ index_t_and_d.asp) can be accessed at the ABIRISK website and comments may be provided at this site. Key concepts and definitions are described further below in relation to practices for monitoring and mitigating immunogenicity during clinical use of BPs.
Patient populations (evaluated subjects) and treatment history
The likelihood of development of immune responses and consequences of such responses can vary among different subject populations. Therefore, the meaningful interpretation and application of the data generated from clinical research of BPs will be highly dependent upon the knowledge of the disease and treatment history of the subjects that were evaluated. Evaluations may involve analysis of healthy subjects who have not been diagnosed with any disease, or patients who have been diagnosed with any of the specific disease(s) indicated for treatment with the BP. Differences in the immune status, underlying disease and prior or concomitant treatments (e.g. immunosuppressive drugs) have resulted in ADIR differences among these populations. For example, ADA differences reported in rituximab-treated low-grade or non-Hodgkins lymphoma patients (1Á1%), rituximab plus methotrexate-treated rheumatoid arthritis (RA) patients (11%) and adult patients with granulomatosis with polyangiitis (Wegener's granulomatosis) and microscopic polyangiitis (MPA) treated in combination with glucocorticoids (23%) (rituximab prescribing information [26] ) are attributed to the general immunosuppressive effects of prior treatments in the cancer population and methotrexate-reducing immune responses to the BP.
History of prior exposure as well as frequency, duration, consistency of treatment and total BP doses administered should be considered during immunogenicity risk assessment. Treatment regimens may be highly variable, for example with Factor VIII replacement therapy, where patients may be treated only to control bleeding episodes, sometimes receiving multiple treatments in a single day, whereas other patients may be treated on a regular prophylaxis schedule to prevent bleeds [27] . For other BPs, treatment regimens are more consistent. 'Drug holidays', interruptions in a chronic dosing schedule, e.g. to reduce adverse effects [28] , have the potential to impact immunogenicity risk. Terms and definitions describing treatment history are shown in Table 1 .
The example in Table 2 shows how treatment days, cumulative treatment days and total doses are determined for individual subjects treated with a BP.
Because many BPs, in particular the monoclonal antibodies, have long half-lives, the number of days of exposure could be much greater than the number of treatment days. The extent to which immunogenicity is affected by total or cumulative doses, treatment or exposure days needs to be determined for each BP. While determination of doses and treatment days is relatively straightforward, exposure days are related to BP concentrations, usually measured in blood, and therefore dependent upon the analytical method sensitivity and timing of measurements. Exposure days may be determined based on BP measurements (e.g. number of days over which BP concentration in plasma or serum was above the assay limit of quantitation) or predicted by pharmacokinetic modelling (e.g. time divided by BP mean half-lives).
Assessments of clinical outcomes may be conducted at interim points throughout the duration of treatment or beyond its discontinuation, thus time to end-point is an additional variable to be taken into account in describing the impact of immunogenicity on outcomes.
Development of anti-drug immune response (ADIR) and characteristics of ADA
The ADIR is defined as the host immune system response to an administered BP. Typically, assessment of BP ADIRs has focused on adaptive ADA responses. However, it is important to understand that ADIR encompasses innate and adaptive immune systems. Either BP, co-administered impurities or disease-specific factors may elicit pro-or anti-inflammatory cytokines, chemokines and other signals that may impact upon the efficiency of antigen presentation and BP-specific T and B lymphocyte adaptive responses, ultimately determining whether the level of activation and maturation of B cells is sufficient to generate high-titre, high-affinity or isotype-switched ADA responses that could impact upon BP efficacy or mediate adverse events such as hypersensitivity. Components of the innate immune system and activated T lymphocytes also have the potential to mediate adverse events such as infusion reactions and delayed-type hypersensitivity. Thus, totality of the BP ADIR should be considered when defining its immunogenicity profile. ADA is measured routinely in most BP clinical studies and monitored for some BPs during clinical use, while measurements such as the innate and T cell responses described above have not been evaluated routinely.
Clinical consequences of BP immunogenicity are dependent upon characteristics of induced ADA which, by nature, is expected to be heterogeneous in composition, containing a mixture of different quantities of antibodies of different isotypes, specificities and affinities [31] [32] [33] . Lowaffinity, transient IgM responses may be induced initially, but could be difficult to detect during routine ADA monitoring. However, immunoglobulin (Ig)M-BP complexes may activate complement, which may play a role in mediating infusion reactions [34] . If the BP activates T helper cells, switching to other classes or subclasses of ADA may occur along with random somatic mutation of the immunoglobulin complementarity determining region (CDR) genes, leading to production of ADA with higher affinity for the BP, a phenomenon known as 'affinity maturation'. ADA isotype composition determines the potential for clinical effects such as complement activation, antibodydependent cellular cytotoxicity (ADCC) and mast cell sensitization, and interactions with the specialized neonatal Fc receptor, which controls cross-epithelial and placental transport as well as the serum half-life of ADA [35] . IgG4 has been associated with chronic BP administration and high and persistent ADA responses to various BPs [36] [37] [38] [39] [40] . ADAs that bind epitope(s) close to the BP site of activity (e.g. target binding site) are likely to block or 'neutralize' the BP biological activity [31, 39, 41, 42] . ADAs bound to the BP can affect the BP's pharmacokinetics (PK) by either increasing or decreasing clearance (referred to as clearing and sustaining ADA, respectively) [9, 43] and can also interfere with quantification of BP in assays used to study PK [44] . If the immune response to the BP continues, further expansion and diversification of the BP-specific B cell population may occur, resulting in ADA becoming more diverse in its specificity for binding different structures on the BP, a phenomenon known as 'epitope spreading'. Therefore, it is possible to observe low-affinity, non-neutralizing ADA at early stages of an ADA response and higher affinity, neutralizing ADA at later stages. Alternatively, ADA responses may decrease and even disappear over time, even when the BP treatment is being continued, due to the development of immune tolerance [45, 46] . Consequently, at any given time point in an immune response, a unique mixture of ADA characteristics may be present, resulting in the varied ADA-associated clinical effects that can be observed during the course of BP treatment.
Terms for ADA characterization are defined in Table 3 .
ADA immune response assays
Considering the nature of ADA heterogeneity, it becomes obvious that the use of reliable analytical methods and thorough understanding of their limitations will be critical to describe the ADA response appropriately and determine potential relevance to clinical outcomes. A number of ADA assay formats are available, each with some bias in the type(s) of ADA measured and limitations in sensitivity and susceptibility to interferences. Recommended practices for Treatment-naive subject: Subject not exposed previously to the active substance in the BP Treatment days* Days on which the subject received treatment with the BP Exposure days* Days over which the subject was exposed to the BP Total doses Total number of doses (administrations) of the BP received by the subject Drug holiday Interruption in regularly scheduled dose administrations of a BP that is intended for chronic administration on a regular schedule (e.g. weekly or monthly) Cumulative treatment days Total number of days on which the subject received treatment with the BP Cumulative exposure days Total number of days over which the subject was exposed to the BP Time to end-point
The length of time from initial treatment to measured end-point *In the terminology used in clinical hemophilia literature [27] and the relevant European guidelines for clinical evaluation of therapeutic hemophila products [29, 30] , the accepted definition of 'exposure days' is equivalent to the definition of 'treatment days' given in Table 1 . developing and validating ADA assays for use in clinical development programmes have been developed through multiple collaborative efforts among the pharmaceutical and regulatory agencies and scientific communities under the sponsorship of organizations such as AAPS and EIP [19] [20] [21] [22] [23] [24] and adopted into pharmaceutical regulatory agency guidelines [47] [48] [49] [50] . While most BPs are immunogenic under certain conditions in some individuals, during the course of treatment only a fraction of patients' samples will typically have measurable ADA levels, and therefore it is common practice to first screen samples for ADA and then characterize any positives using a tiered approach, as recommended by Koren et al. [23] (Fig. 1) . Assay terms are defined in Table 4 .
Using current technology and reagents, it is possible to develop highly sensitive ADA screening assays capable of detecting the most prevalent classes of ADA (IgM, IgG and IgA); however, due to the low circulating levels of IgE, BPspecific IgE is unlikely to be detectable in these assays, therefore a separate IgE ADA assay may be required when IgE detection is needed.
Cut-points for distinguishing positive and negative sample results should be established initially based on a statistical analysis of samples from the BP treatment-naive patient population (if available) or from healthy donors. In BP clinical studies, it is common practice to establish a cut-point that allows sufficient sensitivity in order to ensure the detection of most true positive samples, while limiting the frequency of false negative results, i.e. a cutpoint set at the 95th percentile of the distribution of the values obtained with BP treatment-naive donors, corresponding to a 5% false positive rate. Samples scoring below the screening assay cut-point are defined as ADAnegative, whereas samples scoring equal to or above the cut-point are then tested in the second tier of the immunogenicity testing strategy, the confirmatory assay, in order to further distinguish true positive from false positive samples. Refers to strength of a specific intermolecular interaction. Often expressed as an equilibrium dissociation or association constant (Kd/Ka) or ratio of dissociation/association rate constants (kd/ka); however, due to the multivalent binding and heterogeneity of affinities expected within a polyclonal ADA sample, other measurements (avidity, antigen binding capacity, neutralizing capacity) may be more appropriate for characterizing ADA-BP interaction <Isotype/subclass-specific> ADA ADA measured in assay designed to detect ADA of specific isotype(s), e.g. immunoglobulin (Ig)G ADA, BPIgG 1 IgM ADA, IgE ADA Neutralizing ADA (neutralizing antibody, NAb)
ADA that inhibits or reduces the functional activity of the BP, as determined by an in-vitro test method, regardless of its in-vivo relevance (i.e. whether or not the NAb causes reduced efficacy) Non-neutralizing ADA (non-neutralizing antibody, non-NAb)
ADA that binds to the BP but does not inhibit its functional activity in an in vitro test method, regardless of its in-vivo relevance (i.e. whether or not the non-NAb causes clinical impact) Clearing ADA ADA associated with increased clearance of the BP relative to its clearance rate in the absence of ADA Sustaining ADA ADA associated with apparent decreased clearance of the BP relative to its clearance rate in the absence of ADA; most frequently observed when the BP has a fast clearance rate relative to the rate of IgG clearance Anti-<component/domain etc.> ADA ADA against a particular component/domain of a BP, e.g. anti-Fc, anti-Fab, anti-receptor domain, anti-polyethylene glycol (PEG) moiety Anti-idiotypic ADA ADA specific for epitope(s) unique to a specific monoclonal antibody therapeutic; usually ADA specific for the unique antigen-binding/complementarity determining region (CDR) of monoclonal antibody (mAb) biopharmaceutical Anti-allotypic ADA Generally refers to ADA specific for allotypic (defined as a genetically inheritable determinant common to some but not all human immunoglobulin molecules) epitopes of a mAb or mAb fragment BP. Could also refer to ADA specific for allotypic determinants on non-immunoglobulin-based BPs The confirmatory assay usually consists of a competitive inhibition assay, in which samples are tested spiked and unspiked with an excess of the BP. The excess BP binds the specific ADA, preventing it from binding to the assay capture reagent, thus causing an inhibition in signal in the assay relative to the signal generated by the unspiked sample. Confirmatory assay cut-points are usually set in order to report a low percentage (typically 1-0Á1%) of false positive samples using BP treatment-naive patient samples (if available) or samples from healthy donors and determining the percentage of signal inhibition corresponding to the 99th or 99.9th percentile of the distribution. Samples spiked with BP that exhibit reduced signal (% inhibition) in the assay relative to their respective unspiked signal at or above the confirmatory assay cut-point (% inhibition) are considered positive for BP-specific ADA, while those that score below the cut-point are considered negative for BPspecific ADA (false positive).
Qualitative ADA results (positive/negative) may be supplemented with quasi-quantitative measurements of the relative magnitude of ADA responses (e.g. titres or units) to provide more useful information for interpretation of ADA data and determining relationships to clinical outcomes. However, it is neither accurate nor meaningful to report ADA data in absolute quantitative readouts (i.e. units of mass concentration) calculated from a positive control antibody curve. Quantitative measurements of mass concentration require standards with the same composition as the unknown samples, while the spectra of ADA affinities, isotypes and epitope specificities are expected to differ in composition across patients and across time-points during the treatment of an individual patient. Therefore, it is not possible to establish standards or assay calibrators that are representative of the complex heterogeneity of ADA in all samples. Hence, ADA data should typically be reported using quasi-quantitative units, such as titres, which are usually determined by running positive samples in a dilution series and reporting the titre as the reciprocal of the last dilution at which the sample scores above the cut-point or the dilution that scores at the cut-point, calculated based on interpolation. Data from relative concentration assays should be designated clearly as 'units of relative concentration' , or preferably reported in other quasiquantitative units defined relative to a known amount of an ADA-positive control sample. Other more quantitative measurements such as binding affinity and in-vitro antigen binding or neutralizing capacity have also been reported [51, 52] ; however, these are cumbersome to perform on large numbers of samples and results may also be affected by ADA heterogeneity and the assay system used.
It is important to note that the statistically established cut-points used to identify positive samples are bioanalytical cut-points that reflect the analytical variability of the assay and biological variability of the treatment-naive study population. Therefore, they are not 'clinically relevant' , in the sense that identifying a sample as positive for ADA is not an indicator that the level of ADA present in the sample is sufficient to cause a biologically or clinically meaningful effect (e.g. alter PK, efficacy or cause adverse effects). However, sensitive assays capable of detecting all ADA present help establish definitively whether there are any relationships between clinical effects and the measured ADA when initially studying the immunogenicity profile in clinical studies. Where sufficient clinical data demonstrating a clear relationship between ADA positivity or titres, and clinical effect are available, it may be possible to establish a 'biological' or 'clinical' for subsequent use to distinguish clinically relevant from irrelevant ADA responses. Sensitive ADA assays are also needed to correlate ADA development with underlying causes of immunogenicity and identify markers of immune response; e.g. markers of early events in triggering an immune response to the BP or indications of incomplete activation of the immune system that could lead to immune tolerance by the BP.
Other assays may be developed to characterize ADApositive samples further and provide additional data to understand and interpret more extensively the clinical relevance of the ADA response to a BP. For example, an assay that specifically measures ADA that neutralize the Fig. 1 . Typical tiered testing scheme for anti-drug antibody (ADA) testing and characterization. In the first tier, all evaluable samples are run in the screen assay. Samples that score positive in the screen assay are then analysed in a confirmatory assay (tier 2). Samples that score positive in the screen and confirmatory assay are reported as positive, while samples that score negative in either the screen or confirmatory assay are reported as negative. Further tiered testing of positive samples frequently includes analysis of titres and neutralizing activity. In some cases, isotype analysis or epitope mapping may also be performed.
biological effect of the BP may be useful in determining the impact of ADA on pharmacodynamic effect or efficacy while an assay that measures BP-specific IgE or IgM may help to identify the underlying cause of a hypersensitivity reaction.
A variety of different formats may be used for screening, confirmatory and characterization assays, and limitations are associated with each. Some tend to be more sensitive for the detection of high-affinity ADA while others tend to be more sensitive for detection of low-affinity ADA [53, 54] ; some are biased against detection of certain classes of ADA and some more susceptible to interferences by BP, BP target or other serum components that may be present in samples [19, 22, [55] [56] [57] [58] [59] [60] . Table 5 summarizes analytical issues encountered with these assays. BP or drug interference is considered one of the most common and significant issues, as steady state trough levels of many BPs are frequently above the levels that could potentially interfere with reliable ADA detection. ADA-BP immune complexes present in samples may interfere with detection of either ADA or BP levels and therefore may contribute to underreporting of ADA prevalence and incidence in the study population and erroneous BP PK characterization profiles [61] . The concentration of BP that interferes with ADA detection will be highly dependent upon the ADA levels in the sample (i.e. the drug tolerance level will be higher for samples with higher levels of ADA and lower for samples with lower levels of ADA). Whenever possible, drug interference should be minimized using various strategies, including sample acidification pretreatment, more drugtolerant assay formats and platforms, use of competing antibodies or monovalent versions of multivalent BP and Often considered synonymous with binding ADA assay (assay designed to detect antibodies that bind the biopharmaceutical (BP) regardless of the functional activity of the ADA) and total ADA assay (assay that measures all ADA in the sample, although usually not capable of binding immunoglobulin (Ig)E due to its low levels). Free ADA assay ADA assay that measures ADA not bound to the BP. Generally a binding ADA assay can be considered a free ADA assay unless specific ADA-BP dissociating conditions are incorporated into the assay procedure. <Isotype/subclass x> ADA assay ADA assay designed to detect ADA of specific isotype(s) or group of isotypes; e.g. IgE ADA assay Neutralizing antibody assay Assay used to determine whether ADA in a sample can neutralize some aspect of drug activity. Encompasses bioassay (cell-based or enzymatic) or competitive ligand-binding assay <Epitope/domain> ADA assay Assay designed to detect ADA specific for a particular epitope or domain of the BP, e.g. Fab assay Screening assay
In a tiered testing strategy, the assay used to distinguish potentially positive samples (based on screening cut-point) versus negative samples Confirmatory assay An assay conducted on samples found to be potentially positive in the screening assay in a tiered testing strategy to identify false and true positives (based on confirmatory cut-point) ADA characterization assay Investigational assay that is designed to obtain additional information on the specificity or type of antibodies present in a sample. Information obtained from these assays may include, but is not limited to, the following: titre, neutralizing antibody assay, isotyping assay (see definitions below and above) Qualitative assay
Assay that reports test results as positive/negative Quasi-quantitative Assay
Assay that reports a relative magnitude of ADA present in a sample (e.g. ADA titre) Titre assay A quasi-quantitative assay providing titre as the unit of the amount of antibody in a sample. The titre is often defined as the reciprocal of the lowest dilution of a sample generating a signal that is above the assay cut-point. Alternatively, the titre is defined as the reciprocal of the dilution of a sample generating a signal that is equivalent to the assay cut-point, calculated by an interpolation formula provided in an assayspecific bioanalytical method Relative concentration assay A quasi-quantitative assay providing sample results reported in relative mass units, determined by comparing the assay signal generated by the sample relative to a signal generated by a diluted positive control sample. Because the positive control generally contains a different mixture of antibodies than the sample, concentrations reported by this result are generally not accurate and should be reported as 'relative concentrations' or defined units Cut-point An assay signal threshold that distinguishes positive samples from negative samples, as defined in an assayspecific analytical procedure. The cut-point is usually set based on statistical analysis with treatment-naive samples representative of the study population (bioanalytical cut-point) but could be based on a biological (e.g. change in pharmacodynamics marker; biological cut-point) or clinical end-point (e.g. loss of efficacy; clinical cut-point). Cut-points are typically set for each assay in the tiered analysis strategy (screening assay, confirmatory assay, neutralizing assay cut-points) [55, 56] . Because of the potential for BP, BP target or serum component interferences, ABIRISK includes the definition of an 'inconclusive' sample: 'for which the assay result cannot be reported as incontrovertibly negative or positive for ADA', and recommended that any positive or negative results that could be questionable due to assay limitations should be noted in reporting the results and considered in interpretation of the clinical or analytical outcomes. Because of these various known assay limitations, described above and in Table 5 , whenever possible ADA data should be interpreted in combination with pharmacokinetic (or BP concentration), pharmacodynamic and efficacy and safety data to define the immunogenicity profile of the BP and determine the clinical relevance. Prior to use, ADA assays should be validated analytically to assure reliable performance over time and establish which changes in ADA measurements are likely to be meaningful [20, 22, 47, 49, 50] . Analytical validation typically involves analysis of positive and negative quality control (QC) samples to characterize inter-and intra-assay variability (precision), sensitivity to small changes in conditions (robustness) and interlaboratory variability (ruggedness). As noted previously, it is not possible to identify a positive control that contains a representative mixture of the ADAs present in all samples, therefore caution should be used when translating information on performance of positive controls to performance of actual study samples. In particular, parameters such as sensitivity and drug tolerance are unique to the properties of the positive control and will differ for individual patient samples. While assays should be validated analytically for use in BP clinical research, a higher standard would be needed to demonstrate that the assay is clinically validated, in particular that it correlates with clinical outcomes [i.e. correlates with loss of efficacy (LoE) or pharmacodynamic response], such that it may be used for clinical treatment decision-making.
Immunogenicity of biopharmaceuticals: ABIRISK recommendations

Study design, patient monitoring and analysis of ADIR results
In order to establish a clear causal relationship between presence or type of ADA and safety signals or LoE in patients, time-points at which ADA are measured should be scheduled as closely as possible to time-points for safety or efficacy measurements. For example, the chance of identifying clearing ADA or neutralizing antibody (Nab) as the cause of LoE would be enhanced if a sample(s) collected from the patient near time of observed LoE is determined to be positive for these parameters. To comprehend relevance to patient safety and efficacious response and to define the immunogenicity risk profile of the BP in the patient population, ADIR results should be evaluated at the sample, patient and population levels. As described previously, ADA sample results are reported typically as positive or negative based on a tiered analysis approach (Fig. 1) . These results can then be used to determine the ADA status of patients as well as whether they have had treatment-induced or treatment-boosted responses (Fig. 2, Table 7 ). Typically, subjects are expected to be negative prior to BP exposure; if a subject becomes positive after treatment, the subject is designated as having a treatment-induced ADA response. It is well recognized that some BP treatment-naive subjects may have preexisting antibodies to the BP [66, 67] , which may originate from the natural population of antibodies or from exposure to cross-reactive environmental antigens or other BPs containing the same or homologous ingredients. Cases in which exposure to the BP results in post-treatment increases in ADA titres relative to a positive baseline titre are referred to as treatment-boosted ADA responses; in other cases, exposure results in no post-treatment increases in ADA titres relative to the baseline titres (treatment unaffected). Over time, ADA titres may persist at the same level, increase (persistent response) or decrease or become negative (transient response). When sample collection is infrequent or sporadic, it may be difficult to establish persistence or transience of the response. None the less, in many cases, merely designating whether a subject has developed ADA or was positive at some point during the study may be insufficient to demonstrate causal relationships between ADA and clinical outcomes.
ADA frequency in a population should be described with the terms of incidence and prevalence (Table 6 ). Incidence is a cumulative measurement of the number of subjects who, within a defined period of time, have developed an immune response to the BP (includes treatment-induced and treatment-boosted responses), and is useful to predict the probability that a particular BP will induce an ADA response in that population. Prevalence is a measure of the number of subjects who are positive at a particular time or during a particular time-frame and is most useful to assess relationships between ADA and clinical outcomes, particularly when the outcomes are immediately apparent (e.g. type I or immediate-type hypersensitivity response due to IgE ADA or LoE due to NAb development in haemophilia). When clinical outcomes are delayed (e.g. LoE in multiple sclerosis), prevalence within the study or interim measurements of incidence may be more useful to assess the clinical relationship. Table 7 shows the proposed interpretation of ADA status, induced and boosted ADA and prevalence and incidence based on different patterns of ADA results. Although vast differences in study design and immunogenicity datareporting strategies can be observed across published studies, common concepts and terms can be applied retrospectively in describing these study designs and results for comparative purposes as indicated in Table 8 .
Establishing clinical relevance of an ADA response
Once ADA status and response of individual subjects and incidence and prevalence for the study population have been determined, their association and potential relationship to PK/PD profiles, efficacy and safety outcomes should be evaluated. Patients could be stratified into various groups (for example: positive/negative for ADA, NAb or pre-existing antibodies; for boosted or induced ADA; based on time of ADA onset; transience, persistence and duration of response; or relative magnitude of ADA or NAb) for comparison of clinical outcomes and immune response measurements. Rationale and reliability of stratification approaches should be determined for each patient population being studied.
In some cases, causal relationships can be identified from a limited amount of clinical experience. However, due to the different types of ADA responses that may develop over time, it is expected that some associations between treatment and risk of ADA development and between ADA development and clinical consequences of ADA may be subtle, requiring extensive accumulation of clinical data and multivariate analysis to identify or establish causal relationships. Relationships can be especially challenging to discern when the underlying disease and/or drug pharmacology affect the immune system.
For most BP, it is common practice to conduct immunogenicity monitoring in pre-and post-marketing clinical trials. For products with higher immunogenicity risk, longerterm monitoring during chronic treatment may be necessary. However, there are no common practices to generate and analyse these data to understand fully the immunogenicity profiles of BPs used in various treatment scenarios. Several recommendations have been made for common approaches to presenting and analysing ADA data, including receiver operating characteristic (ROC) curves, to estimate clinically relevant thresholds of variables such as titre, Measure of the rate of BP-specific ADA immune responses during a defined observation period, usually equal to the sum total of treatment-induced and treatment-boosted ADA-positive subjects (but not treatment-unaffected) as a percentage of the evaluable subject population. Incidence is a cumulative measurement. Incidence rates for treatment-induced ADA treatment-boosted ADA, or specific types of ADA [e.g. non-neutralizing antibodies (Nabs) or immunoglobulin (Ig)E] may also be considered separately. Incidence includes transient and persistent positive patients and may also be referred to as cumulative incidence Prevalence of ADA (frequency of ADA-positive subjects)
The percentage of subjects positive for ADA in a defined population at a particular time-point or within a particular defined time-frame. For example, antibody prevalence at baseline (pretreatment) is determined by dividing the number of evaluable subjects with antibody-positive pre-treatment samples by the number of subjects with a pretreatment sample result, expressed as a percentage. May also be useful when subjects with diverse treatment histories are sampled randomly In study: 83% (5/6) n 5 2/5 n 5 4/6 n 5 5/6 n 5 3/5 n 5 3/6 Incidence 60% n = 3/5
In this example, subject 1 remained negative throughout the study while subjects 2-6 had one or more positive samples and are therefore designated ADA-positive. Because subjects 2 and 3 were negative at baseline and were positive at one or more post-treatment time-points, both are considered positive for treatment-induced ADA. Subjects 4 and 5 were positive at baseline but only subject 5 had a post-treatment increase in titre, therefore subject 4 is negative for boosted ADA response while subject 5 is positive for boosted ADA response. At the time of the follow-up, subjects 2 and 3 had become negative and were therefore considered transient immune responders. The prevalence at each time-point was calculated based on the no. of positive subjects at each time-point as % of/no. of evaluable subjects at that time-point and the incidence was calculated as the no. of subjects positive for induced or boosted ADA as % of no. of evaluable subjects in the study. Because subject 4 had no sample at M9 and subject 6 had no sample at M0 (baseline), they were not evaluable for calculation of prevalence at M9 or incidence across the study. onset and duration of ADA, and the Classification and Regression Tree (CART) 'partition' analysis to predict categorical or continuous clinical outcomes [25] . Several recent publications have proposed mathematical modelling approaches to assess the impacts of ADA on PK and of BP exposure on ADA development [9, 43, [74] [75] [76] . Depending on the risk level and clinical impact, ADA or NAb testing for approved BPs may be performed either routinely to monitor treatment or only if needed, based on clinical observations such as altered PK, loss of efficacy or AEs. For example, testing for neutralizing antibodies is routine in haemophilia treatment [12, 27] , while ADA testing may be performed only in tumour necrosis factor (TNF)-a antagonist non-responders who have low or undetectable drug concentrations after treatment [10, 11] . ABIRISK is evaluating data analysis strategies actively. Appropriate strategies to utilize ADIR data in treatment decisions may need to be developed for each BP.
Contributions of ABIRISK
Data from ABIRISK pertaining to immunogenicity development, prediction and safety will be collected in a single database, requiring standardization of information originating from multiple types of investigational designs (e.g. prospective and retrospective investigations), multiple BPs (including coagulation factor VIII, b-interferons, TNF-a antagonists, natalizumab and rituximab), different diseases (e.g. haemophilia A, multiple sclerosis, rheumatoid arthritis, other autoimmune rheumatic conditions, inflammatory bowel diseases), different cohorts for a given disease and various preclinical, clinical and immune monitoring factors. ABIRISK will collect and publish data in accordance with the recommended terms and definitions and promote their use in the broader communities.
Conclusions
Production of ADA represents one outcome of a complex ADIR process that follows initial exposure to a BP and involves innate and adaptive immune responses. To minimize the risk of ADA induction and sustain BP efficacy, insight into the complex mechanisms that drive ADIR is needed, including characteristics intrinsic to the molecular *T-1 5 last sample during previous course (prior to drug holiday), T0 5 day of restart before first reinfusion, T11 early time-point after reexposure (i.e. just before second or third infusion), T 12 5 later sample (i.e. before third or fourth reinfusion). ADA 5 anti-drug antibody; MS 5 multiple sclerosis; RA 5 rheumatoid arthritis; ELISA 5 enzyme-linked immunosorbent assay; OD 5 optical density; VSV 5 vesicular stomatitis virus; ED 50 5 effective median dose; Nab 5 neutralizing antibody; s.d. 5 standard deviation.
structures of BPs and the roles of inflammation and underlying patient characteristics. A first step that will facilitate the scientific process of elucidating these mechanisms is the adoption of clear definitions for terms and concepts related to immunogenicity, its prediction and associated clinical events across all communities involved in the immunogenicity area. Thus, ABIRISK is providing their recommendations as a resource to these communities for their use and to obtain their feedback on the relevance to long-term immunogenicity monitoring practices.
